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The investigation~ included numerous studies of COOl-
ing ant cowling P.rrangcmcats for air- FMil(iIiquid-cooled

.
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power plcmt Install.ationsg Scoops for carburetor intakes,
for i~terc~~lersi for prestone radiators, al’ldfOr Oil
coolers were tested on many of the airplaiies. Measure-

ments of the wing; drag ‘by the momentum nethod were ma.iie
for each of the airplanes, and measurefients of the trs,n-
si.ti.oupoiilt and the critical compressibility velocity
were incl”uiiedto aid in evaluating the wing dra~ at hi~h
speeds. considerable data were also obtained on the draG
of retracted <and partiallx rztractcd landing gzars , ‘.rind-
shield.s, cockpit enclosures, aerialsa air lOLL~ZS~and ar~~L-
ment installations.

Pcrtinont descriptive data on tho airplanes tested
are shown in the photographs of th& wind-tunnel set-u,ps
(fig. 1), and in the throo-view drawincs (fig. 2). T~IC
:I,irylanes are identified by numbers. The photogrr.phs
(fi~;. 1) show most of the nirplc.nes in tile condition as
received at the full-se::.le tunnel (designr.ted original
condition) ; :however, n. fel! are shown in various stages of
mOd=i~iC2tiOll as described in the fi<ure titles. Sketches
and photographs Showiilg details of various components are
included with the discussion.

Yhe NACA full-sc:~le wind t~nilel is described in z’ef-
erence lC
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photographic observations taken of their motion, Dig-.
turbed. or turbulent motion of the tufts with the airplane
in the high-speed attitude normally indicated excessive
drag. In the diagnosis of the flow disturbances a rake
of total-pressure tubes was used, which could be moved to
any position around the airplane. These pressure obser-
vations were used qualitatively as a quick means for lo-
cating flow break-down, and quantitatively for calcula-
tion of the drag coefficient. The drags of the win.ggeand
all wing protu-oera.nces were measured in this way.
technique of these measurements is dqscrihed in refer-
ence 2.

The air flows throu.yh the duct and cowling installa-
tions and the pressur,e drops through the cooling units
were measured, A rake of stattc- and total-pressure tubes
at the duct outlet was most satisfactory for measuring
the air-flow qua,ntity, and the pressure drop was measured
as the difference between the total pressure ahead of a
cooling unit and the total pressure at the outlet, “Jhen
existin< coolers were not adaptable to modified arrange-
ments, they were simulated by perforated plates having
the same pressure drop. Ducts and cowlings were usually
tested both in the normally open anil completely sealed
condition, so that the lrag due to the cooling air flow
could be determined,

The usual bal,ance measurements were made to obtain
lift , drag, and pitching-moment characteristics over the
angle-of-attack range from zero lift through the stall.
Scale effects were measured for a range of ‘tunnel speeds
between 60 anfl 100 miles per hour! Most of the tests
were made withont operating propellers, ‘but for several
of the airplanes power-on data, were also obtained.

Zn oraer to aid in extrapolating the wing dra~ to
higher Reynolds numbers and to study in zreater detail. the
origin of the wing flrag, measurements were made in the
wing boundary layer and ‘the transition points were deter-
mined over a ran,ge of air speeds and aneles of attack,
(See reference 3. ) Measurements were also made of the
static pressure distribution at critical points on the
airplane to aid in estimating the speed at which compres-
sibility effects on the airplane might become important.
These measurements were made either by means of flush
orifices or small surface static tubes attached with the
static holes approximately 2/16 inch above the surface.

L’-
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(1)

in which H1 and Ha are the total pressures at the two
sections,

Numerous equations have been derived to express duct
cffi.cicacy, all of which include the useful power QAp

in the nw.morator. The efficiency of the internal ciuct
flow is

QAp
Ti = -- - (2)

J-]2QN/+& 83

i~~~~ich Ho is the free stream total pressure and 113
is the total pressure at the duct outlet; the over-all
efficiency including the effect of the installation on
the external drag is

v = —Qi2_,
AD V.

in which All is the total drag increment. added by the
Coolinf; iastal~L~tiOU. An optimum cooling system design
is one in which QAp is as small us possible and q ap-
pro?.ches u!~ity, To achievs low values ,of ~Ip, cooling
units o.f la.rsc frontal area should be”used; the upper limit
of sizo is definitely fixed by tho power ro~uircd to carry
the wei@t of the re.diator, Assuming that the L/I) ratio
of the airplane is un~ll:tngcd by t~tc addition of the cooling
unit, ?jhc pov~cr required tO carry the re,diato? weight iS. .
~approximately, ,, .’.

%-J ,yPw = 1.5 w.( ),----- (4)

‘.
in which w 1s the” weigh.t of the raditato,r. The optimum
ra~LiQ”~()~is the’ ‘one for which (QAP + pv,)
(rcforclice 4)s

is a minimum

In order to roalizc val-acs of ~ approfiching unity$



6
-.

extreme care must be taken i.ilthe duct desj.fin.
●’

In prac-
tice it is difficult to approach this value trith a;~ything
but a straight duct of optimum design, The following prc-
cauiions shoulcl ‘be taken to minimize duct losses:

1. Avoii bends in the high-speed sections of the duct
Siilce tke total~prcssa.re 10ss in a turn is pro-
portional to 172.
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8, The air flow @lou2d be discharged along the con-
tour of the aerodynamic body at WIe duct o~t-
let, WI(3.the afterbody at the duet outlet
undercut slightly to avoid a pressure peak.
(see f$g. ~(~}.)

9. ilhen the flow distribution into the ~uct entrance
is asymzietricai.yas in the case of an opening
in a boundary layer}, dividing pl~ites both ahead
of and behind the cooling unit are required~

Air-flow contrcl.- The quantity of air flow through
a duc~a’n hc effici.ontly controlled oniy by varying the
area. of the duct o@$l+t~ All othor d.e”vices,such qs control
by position or araa of the inlet; in,ternal shutters, etcc~
are incfficiont and will result in low duct efficiencies-
‘Since at the butl@t

and if the discharge is made in a region of free-stream
static pressure, the outlet velocity

it is obvious that an;r decrease $n the. outlet velocity
must be made at a sacrifice. of total pressure H3. I’ram
equation (1) it is further obvious that a decrease in H3
results in an increaa~ in ,poyer a.bsorhed in the, duct,

The duct ouklet arcd. A3, for a required flow Q,
may be calculated approximi~tely fio.m the equation$

,,

,’

‘3‘1”*) ““’‘
.

,.
(5) “,/”

in wl~ich ‘P3. is the static pressure at tho duct outlet.
The constant 1.1 is int,roduccd to allow for the venturi,.
contraction behznd usual tapered outlets such as figure
‘7(b), It may’ be omitted if tho outlot is. shaped so as to
produce parallel flow, ‘as ‘in, fidgurc, 7(c). Tho value of
H3 must bc ca.lcul.atod from the duct losses and pressure
dro~ across .thc cooling” unit. .,

!Fhc“neceisity for d.esignins a duct outlet which can
be adjust,od to provido jus”t sufficient air quantity for ~
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is the velocity through the cooling unit and AR is its
area+ cowling flaps and Luct outlet coatrols are ab~olute
necessi.tics on higher speed airplanes, Humerovs test re-
sults demonstrate this fact,

In the case of airplane 3, which was not provided
with cowliag flaps, an exit slot e,veragin~~ about 2-1/2
inches in width was provided to give sufficient cooling
air for the climb, Ycr the higli-speed condition the
cowling gsp was reduced to 1/2 inch by fairing out the
fuseiage width as shown in figure l’3(d.), This cowling gap
s.howcd th:’,ta satisfactory ~ressu~c drop ncross the engine
Of 9 inCliCS Of W;ltcr was ohtaiil~d for tho high-speed condi-
tion, This change tn tnc cowling gap %y rofairing the
fuscla~c ret.ucod tha flrng coeffici~nt of the airplane by
0.0017, A ll~+rgepa~~t of this increment was due to the
dccrcased internal flow 10SSCS; howcvor, a small pnrt of
the incrcmcnt may have bocn duo to the improvod external
flow conditions with the smaller gap. 9?F,eair-cooled en-
gine cowli.n~ of air~la,ne 6 W(ZS provided with a main slot
and ~.11i’.Cccs~orY COUt??Ol Slot ha~iilg a width Of apprOXiU
matcly 1-1/2 and 1-1/8 i~~chcs, respectively. No cowling
flaps ?rcrc providod- The dr~g of the entire r.irpl:.me
was increased by the increment of 0,0025, owiil~ to the
air flow through the cowling. calc~latfons ~:~scd on air

flow required for this engine indicated that the outlet
,mrsc.could bo reduced to almost one-third of its ori~inal
size aild the pGwcr required for cooling reduced from alIout
7.1 percent o~ the tctal airplane drag to cpproximatcly
1,6 percent,

.:

.. .
.
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ln the case of ~wirm~ane 9, Cooling of an Allison @i~_

gi.ne was provided for b~ a Frcstonc radiator located in a
v{in~ duct wtthout outlet control (fig. 8) c In the original
duct the outlet opening height was approximately 6 percent
of the chord, the air quantity about 1’7,000 cubic feet per
minute in the high-speed condition, and the drag increment
0+0023. By reducing the olztlefiopening to about 3 percc~~
of the chord, sufficient air quantity (10,250 cubic feet .

per minute) for cooling 5n the high-speed condition was
obtained and the drag due to the wind duct was dccrcascd
tO 0.0008. The variations in the drag of tho wing duct .

with outlet size and air quantity arc shown in fi~urc 9*
●.

For this installation a large part of the diffcrcncc bes-,
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twecn the measured intcrna 1 drag and tho ide~l drag is due
. tO the PrCS@nCe.- of structural members in the duet (fig. 8),

-’

.- . .

.“

The excessive draG without an outlet control for flow
regulation is further clemoi~stratcd by the modified Oi~-
coolcr installation on airplane 8 (fig. 10). !The Varia-

tion of the drag increment with exit opening and air quan-
tity is shown in. figure 11. Included is a curve showing
the ideal power required for cooling. JLS is noted later,
the large difference between the ideal and measured drag
indicates a relatively iilef.~icient system. Still another

case is the inefficient ir.tc~*cooling installation on air-
plaile 10. AS originally installed on the airplanol the
intercoolcr drag incromentr e~uallod 000012. Zn this con-
diti.oilthe intercooler duct was discharging into a wheel
WC1l at a short distance hehiad. the cooling unit (fig. 16)
without any energy recovery, Of this total a drag cooffi-
c~ei~~ incrcn~nt of &pproXi.m~~telY 0.0007 was attributed tO

the i:ltornal flow of &tout 6400 cubic feet per minute
through the ducts. By smtisf~,ctory control of the outlcti
of the duct tho powor required. for cooling could be reduced
to about 0.0002 for tho corroct quailtity of air flow+

The drag and air-flow characteristics of the under-
~~~.ng yresto~le ~CLtLiF&~or ~LUCts for airplane 11 are shown
in figure 12. For this airplane a study was made of two
Prestone ra.iliator installations (figs. 13 and 14) designat-
ed as forvr.rd and rear according to their location on ‘the
fuselnge. in the forward installation two 9- by 19-1/2-
inch elliptical rr.diators were used, and in the rear ,in-
stall:.tio-l a single 20-1/2-inch diameter racliator was used.
The results show drag increments of 0.0011 an-d 0.0010 for
the forward and the rear installation when both are nd-
Justocl to tkecorroct air flow. The large incrc?ase in
drag which woulfi.have occurred i,f outlet control wero not”
used on thcso ducts is shown by the stee:p slope of the
curvo of drr.g increment against air flow (fig. 12)*

The heat flissi~ated in a cooling duct is a further
factor controlling the air flow sincc~ wheil heat is added
to the cooling air, the mass flow is decreased and for
equal cooling the exit area must be incre<nseti. !llhissub-
ject is discussed in reference 6.

ReCover:f of ‘waste he,at energy,- The useful energy OUt-
put of the gasoline engine is less than a third of the heat
energy of the fuel, and the remainder is wastefully dis-
charged in the cooling air and. engine exhaust. Some

“
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progress has recently hccn made in recovering a part of
the wf~stc energy in the form of jet propulsioil, The the- -
ory indicates arid experiments have verified the possi-
bility of recovering more than 10 percent of the engine
power Vy rearward discharge of the exhaust gases? The
optimum recovery occurs when individual exhaust stacks
are used for each cylinder, and limited. data are avail-
a%le to indicate the exhaust stack discharge area for
maximum thrust- In the case of airplane 8$flight tests
showed the high speed was increased approximately 15 miles
per hour at an altitude of 17,000 feet by tho use of in-
dividual stacks pointing rcarwar& (reference 7).

q:le efficiency of recovory of waste heat from the
cooling air may he calcula.t3d by the method of Meredith
(rofercncc 8). T!ac theory indicc.tos that thrust is dc-
rivod by adding the wo.stc haat to tho cooling air at a
pressure above that of tk.c external stream, and tho theory
has “been vorificd in some degree by experiment (roferenco
6) , The gains are not large “but may be sufficient with.
r.well-designed coolin~ system on a high-speed r.irplo.nc
to compcnse.tc for the cooling 10SSUS.

Air induction system,- Good military perforr.c.ncc re-
quires th,nt maximum engine horsepower be maint{~incd at
high altitudes. For this purpose blowers and intercoolcrs
r.ro providod to maintain the density of the mixture air
for the cngin~ at or slightly above the scn-level dcnsity~
Ail important sourco of available blower pressure is the
dynamic pressure of tho Cnir strum. This prcssuro is
available for ramming at any of the airplane stagnation
points, and failure to utilize it fully is doubly harmful.
An c.crodynamic power loss occurs in handling tho cnginC
air at lower than free-stream total pressure according to
Gquation (1)* and an engine power loss occurs correspond=
ing to the reduced prassurc at the carburetor. V2.lUCS of
the ram pressure availablo at st~ild~.rd tcnporc.turcs for
difforeat altitudes and at various flight speeds are shown
in figuro 15-

Iilthe usual two-ste.ge %lowc+r engine installation
the eilgi.iie air p,asses Progressively through the carburetor
intake, the primary blower, the intercooler, through the
carburetor, and then through the secondary blower to the
engiile. The air is heated b-~ tb-e adiabatic compression

iil the primary blower, and fir efficient operation this
heat should be removed in the in.torcoolor. If the air
temperature at thu engine is allowed to rise bccaucc? of

,.
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i.nsutficicnt intcrcooling, the difficulties arc numerous
and include:

1, Lower density of irita.kcair to the engine leading
to lowor engine power.

9U* Earlier knockins of engino with a given fuel. It
is dcsira-olc to avoid air intako tonporatures
shove 1200 F.

3. Greater secondary blower powor required for a
given increase of intake air density.

. .

Most of tho difficulties of supercharger installations
will vmish if efficicn.t blowers are ilevelopcd., and in
fact it may he possible the].ito completely eliminate the
intercooler, Since the chtii~gcof the air temperature with ,
altitude is approximately adio.latic, the intercoolcr prin-
cipally serves to remove heat added because of the blower
inefficiency. The low tlowcr efficiency is harmful since
it not only necessitates the! complicated intercooler in-
StC.l12tiOil hut directly requires groator ,enginc power for
the blower oporation. Power is first taken from the en-
gine to heat up the c:zr%urotor air P.i?Clfurther power is
absor-ocd in the intorcoolcr to cool it ag,aiil.

~;lc ~ifficulti~s in t~~ j.-ntercooler i12StCLllLltiOnS

tested 5.il the fu1l-sca.lc tuilncl were normally those due
to Spc?xlc?restrictions * On siil~;lo-seater airplnnes such as
airplanes 8, 9, and 10, the space availa?)le for the inclu-
SiOll of large rectangulr.r intcrcooler~ was Iimj.ted, This
led to awkward and ii~efficicnt ducts- in both the c,oolin.g
and engine air passages (fig. 16). The intercoolcrs wcro
generr.lly attached to ail airplane which previously was
equipped with an unsupcrchargod engine, Zn cqsos such as
these tho expected failure of the iate~’cooler installation
vitiates the entire design.

Externnl Flow

The dr:?.gadded to an airplane by the power plant iil-
stallation owing to changes in tho external ~low is itot
readily calculable. The drag is essentially due to in-
tcrferonce, aild the detrincntal cffocts of extornc.1 flOw
distuz’’bances dcpon~. on ‘chc“m~gi~i.t,udc ~ild location of the
distu.r%ing element and upon the stabilitY of the flow be-
hind it, The basic condition to which airplanes eq~ipped

w .
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with vadrious power-plant installations should be compared
is an ideal streamline airplane having sufficient Size

. .

to accommodate the pilot and military equipment.
. .

Any
changes in the fuselage size or shape required to &ccom-
modate the engine installation must be charged against it,

In this connection a few data on the minimum drag
coefficients of ideal combinations may be of intcrcst~ It
is realized that comparisons of dr~g coefficients which
neglect t!ze wing loading are of little intorcst; howevcrl
most of tho comparisons made apply to wing loadings of
about 30. In the variable-density t-mncl tests on combim.tions
of wing, fuscla.ge, and tail (rofercncc 9), It WO.S f~tind
the.t a drag coefficient of 0.0128 could bc roached for an
ideal midwiag a.irplnnc combined with o,n NACA 111 fuscla.gc.
Tests on airplane 9 in the full-scalo tunnel in its fully
streamline condition (fig. l(i)) gavs a minimum drng oocf-
ficient of 0.03.45; however, the wake noc.surcments over the
wing ishowcd tlhat t.hc manufacturing rougfi~noss Unnd wing pro-
tubcrancos r.ccounted for 0.0013, nnd similar fusclcgc ir-
regularities would probably account for ,mother substan-
tial item. In ~.polished-model condition its d,~~.gc~cffi-
ci.ent might lic between the VC.1U3S of 0.0125 and 0.0130,
For airplane !3with a slightly largsr fusclr.ge a minimum .

drag coefficient of 0.0155 was measured for the airplz’.ne
.

in a similar smooth coalition but with the canopy in plc,ce
(fig. l(h)), !I%is would probr.bly reduce to 0,0135 for a

.
.

model tested in a polished condition.
L

A Ir.rge difference nay CX~St bctwccn the drag coeffi-
cient of a snooth polished nodcl tested in a wind tunnel
(even assUning the trr.nsition point is fixed at the samo
locatioz) and the drag coefficient of an airplc,nc built
accordi.ag to the best nodcrn flush riveted practice but
including’ such ite.ns as pitot tubes, aileron gaps, wind.-
shiald roughaess, nr.n.ufacturing irrcgulp.ritics , etcg TIlis
itcm$which is in tho r.aturc of a hidden drag increnont) ac-
counts iu part for tho failure of snooth model tests to pre-
dict the high-speed drag of airplanes with the convc]~tioilal,
extrapolation r,r.de.accordi:~g to the skin-friction law.
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The ~rc~p i~c~~~~cilts oil nod~~i~ nilitmy airp~ancs due..-
to larger fu:clrjge size az*e snc,ller thail those introduced
due tO chnn~es in thb ideal stre,adline Shlnye such as occur,
for exanpld, when poorly designed scoops ore addedncar
tihe airplqi~e nose. The gericralizationt iay” be nade that any
chr.nge in the airplane sn:?.pewhich tends to increase the
adverse pressure grc.dients or the naxinur~ vdlue of tb.e neg-
ative pressure occurring on the body will increase the

~ drag, with t“he effects bcconing morti serious ‘n$ spocds, o.p-
proach 450 to 500 nilos per hour . The separate items in
the various powei-plant installc.tiozls which ,Hay create
drag by.ch.angin~ the? aivplane shape o,nii-disturbing the cx-
terno.1 ,fl’owr.re considorod in the following.”

.,

+ir-cooled engine coirlings’.- ThO cOnVe,iltiOiiO,lipSt~jl-
Iati.oa of an air’-coolcd engino at t~ie nose of the fuselage
results in ail airpl{anc with a shape #GLlev$,h~.inore blunt
~]~p,~~is .thc.best ,.fronthe sta:l~p’oint of drag, This is
sll-~str.ltticnt,ed..bythe fact that t’he negative ‘pressures on
th,c best. 3TACA c5wling reach” values froh” ‘-0.6qo to -Oe8qo
.in contras-t with values of less than” o,2qo oil good strcP.ln-
linc nosos. In the ‘eel’~;cfth’at tkese negp.t~:vc pressure- ‘
increases leait to hi{gher.drag,’ s“tra~uline noses v~ere”add,ocl
to two of the hirplanes tested in the full-scale wind tun-
nel (figs. l(h) s.nd l(j)) to akcer$aja the &rr.g inc.renent
duo.’to,the N.ACA cowling with: no’air flowing, In the case

,.of ‘airplane 8 the drag coefficien~ was decreased by an in-,r
cr.ement,of 0,0020 itwina to the addition of the streamline
nose, In the case of airplane 10 t-he al.dition of the “
streamline nose decreased the drag by a snaller increment
of 0.0013; however, as can be seen by’ com~jarisons of figu-
res l(h) qnd l(j), the nose, cn”airpxahe 10 was not “of,a”
type which would as effectively reduce-the ‘~egqtivq pros--
sure as tha.t:on airplane 8. ...

,,,,,,
,..

.“
J\S p~cvic)usly mcntio~ed,’ tha “comp~j:isoils‘were:’~adc

with no, air flowing over the
,.

engine, and a~l’attempt was’
made in the case of airplane 8 to impro’v~ ,tfieshape ,of
th? cowlirig so as to approach mo’re fie”arlythe drag of the
“solid s.trcamline nose and. at ‘the same ‘tikio -pr”ovido a m~thod
of co,oling the cngj,nc. L6ng-nose’ cowlingsot shape sini~ar
to those shown in figure 1’7 were tried in -tineffort to
~~il~t~iil a good cxteriaa.1 shape and at the same time to pr’o-
vide sufficient air’ flow. ‘It WO.S fOUlld’tha”t t,he 10U&llOSC
cowlings with air flowing through them ‘“shovjed“no deer’ease
in, drag over tluzt of the” Colivcz>+jioilp,l ‘NACA cowlir.g, indi-
cating that some peculi~r internal or external flow phe-
non~ila existed to nullify the ~aias which, app~rciltly should
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be realized from the inproved external shape. This in-

vestigation W2S of a prclimi.nary nature and norc detailed
investigation.s ~re now in progress at the lsbaratory,

For conventional NACA cowling installations, it has
b~en found that the best net effici,eney md the r:ini?nun
ne~ativc pressures are realized for co,wliag C, which i~~.s
develo”oed from tests ii~ the NACA high-speed tunnel and
repOr~ed ir.roforonGg 10,

I~ii~.further attenpt toward improvin~ the blunt shape
Gf the LTACA cowling, ‘tests were made with spii~ners of var-
ious sizes attached to the propeller (fig. 18), These
spinilers varied in size from 17 inches dianetcr correspond-
ing to the coaveutional de-icing spinner up to 38.6 inches
diameter. For a part of the tests with tkc spinners, cuffs
were also qddcd to ihe propeller. The rssults showed that
the medium spinner increased the over-all propulsive cffi-
cienc;? by about 3 percent i~i the high-speed cond.i.tion and
provided suf.ficicnt cooliag prsssuro, !lhc lurgcr spinners
produced shout the same increase in propulsive officioncy
but did not provide adequa.ta coolihg ~.ir to the engine.
The addition of the cuffs did not increase the propulsive
efficicizcy in the high-speed condition, althou{~h it would
be CX~CCtCd that the a.lrailabli? pressure for ground cooling
would be incrensed. !I!h.erelatively small increases in pro-
pulsive efficiency noted ly adding the spinners are not
believed to be the ultimate that can be ohtai.ned in this
way since the lT.ACA’cowlii~gwill no doubt require modifica-
tions whe~~ used i.n col~jU~ctioil with spinners. Study on
this problem is scheduled for further research.

~~iti~the use of the NACA cowling and its attendant
large negative pressure rise, it is exceedii~gly importailt
that the fuselage’ behiild the cowling be correctly designed
to avoid sharp pressure gradients and to return the nega-
tive pressure to free-stream pressure with a minimum of
disturbance. The high adverse pressure gradients are con-
ducive to flow separation with a resultant drag penalty.
An attempt was nade in the ce,~e of airplane 8 to improve
the after%ody shape by lengthening the fuselage approxi-
mately 5 feet by means of a conical extension (fig. 19(b));
this resulted in a decrease, of drag coefficient of 0.0005
for the airplane with the 3TACA cowling without cooling air.
For the airplane with the solid streamline nose the drag
was the same with or without the lengthened afterbody. A
further small change was made “oy enlargin{j the tail of the
COGk~it ce?lopy to docreasc the divergent air-flow c,ngle,

.
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This had no measurable effect in the case of the NACA
cowling; howevek,.the,change increased the drag of the
airplane by 0.0006 $n,the,case of the streamline nose
installation,

.

Some air-cooled engine airple,neswhen viewed from
the top show a distinct necking-in of the fuselage aft
of the cowling. On airplane 5 the fuselage was modified
so as to eliminate this necking-in feature, as shown in
figure 19(C), The straipjrt-linefuselage elements ex-
tend from the front of the fuselage to points of tangency
aft on the fuselage. This change reduced the drag c~ef-
ficient of the airplano by 0.0009, A similar change was
made on airplane 6 .[.fig.l.~(a))whfchreduced its drag
coefficient by 0.0006. ,

&Jr inle~sfl_Th6 rules for the design of duct inlets
are not so well established as those for the design of the
outlets. The principles are known, however, and have been
verified by experiments. It is a primary requirement of
a duct inlet that it recover the full total pressure co?%
responding to the flight speed of the airplene. If the
total pressure at the inlet is less than Ho there will
be a power loss calculable by means of equation (1), The
opening should therefore be located at an existing stag-
nation point such as the wing leading edge or the nose of
the fuselage, or at an artificial stagnation point created
by means of a scoop. The use of scoops is discouraged,
however, by the requirement that the flow into and around
duct inlets should not create local gradients in the pres--
sure distribution over the body or increase the values of
the negative pressures above those of the body without the.
inlet. A well-designed opening at the nose of’a wing or
fuselage will in fact tend to reduce the negative pressures
over the body near an opening since a part of the air is
bypassed throu@ the duct and the external velocities are
lower (fig, 20).

Large adverse pressure gradients (negative to posi~
hive) cause s tremition from ladnar to turbulent flow,
and tend to precipitate flow separation. Large.negative
pressures on a body further lead to compressibility effecte
at low critical speeds, and require that the afterbody
be long to reduce the adverse pressure gradients, While
awaiting a theory for specifying the shape required for
openings of different size and air-flow quantity the ex-=
perhents of reference 5 may serve as a &ide.. By properly
proportioning the opening, inlet velocity ratios V /VO

imy be vwisii over a wide range without increasing he
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externa.1 clrag, When the internal duct pr.ssa~es cannoi he .

desi&ned to expand the air efficie~tly it may be d.esira’b].e
.

to provide low inlet velocity ratio to reducs the duct .
10SUC?S*

~j] ~ corners and sides of rcctanz;ular duct inlets
should bc carefully rounded and faircd into the body. If
an optimum hi~;h-speed opcninq cannot be dcsi;nod to accom-
modate the climb and ~ro-ind cooling conditions, an cdjust-
c.ble inlet should bc provided, Tlia stagnation point on a
winG shifts with lift eocfficii~nt and for this reason m
optimum wiri~ duct fo’r both the hi~;h~spccd and climb condi-
tions should hc.vc an adjustable opcnin~, (S0. rcfcrcnce
11. ) It r.~:’,ysometimes be possible to arrive at a compro-
mise urr~m~erllont which will he satisfactory in climl and
hnvo almost optimum hi~:h-speed cfficicncy, !?he Cffscfis
of the slipstream in shifting the stag~atioa -points on the
wing may$ however, be the critical factor in the design of
wing duct inlets. The effects are discussed in rcforc!ncc
1.2, and satisfactory solution of the problum may lend to
the n~cessity for adjusta.blc inlets.

Although CCOOPS are not the best typo of inl.ct open-
ings , they have been widuly used on the airpl:~:~os th:jt
~~~r~ tested in the full-scale tunnel. Ilxtcrnal carhurotor
scoops were p,articulnrly popular since the carburetor ram
prcsnuro cm be obtained most readily ii~ this m.anncr~ In
most cases it was found that tho airplmio drc.g was bSu -
staniic.lly reduced by refairii~g of the scoopso

Rcfairing the carburetor scoop of c,irpla:~c .2and the
cowling ahead of it as shown in figure 21(.7,)reduced tho
r.irplanc drr.g coofficfcnt by 0.0010. !l!hisfurther hclpcci
to mr.intain the cn.rburctor pressure up to high angles of
LIttack. The P.ddition of the carburetor scoo-p tG airplane
8 (fig. 21(b)) increased the drag cocffici~~t of the air-
plOJIC by 0.0006. ~nis scoop could h~~.VCb~cn. improved >y
ificrcasin~ tho lcr.iinf:-edge radius and lcngthcnin~; Iihc
aftc~l)odjr. Small shc.rp-edge scoops (fig. 21(c)) were used
in the win~-fuselage fillets of airplane 9 t{hich o,ddcd
0.0019 to the drr.g coefficient of the c.irplc.no, In fi~urc
21(c) tho t“afts ShOW the largo o::tcnt of the flow distur3-
nnce oil t!lc airplane caused by these SCOOPS*

Tuft operation in airplane 10 showed that a satisfac-
tory flow existed over the cr.rburctor scoop,which was 10-

c~~ted in the noso of ths cowliai: (fig, 2~(cI)) for the
powor-off condition; however, with the pro-pcllcr cperatin.g,

. .
.

*

.-.

“.
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a distinct flow separation was observed on the downstream
A“ side of the scoop owing to the slipstream rotation.. . TO

elininate this undesirable flow, the sides of the carbu-
, retor scoop were faired out nore gradually into the cowl-

.ihg line,as indiczted by the soctio’n line on fi$jure 21(d).
This fairing, ,docreased the drag coefficient by 0.0006.,,
... .

. . T1~ree different types of carburetor scooms wero&-
tested on &irplano ll.--(~ec fi~. 21(e),} “The nost s~tis-
factory scoop from the Staildpoint of both drag =.ildTom
pressure was the one designated as revised forward inlet.
!Ihe’c~aro.cteristics of the three types of carburetor

.“sco’ops ~~e given in tcble 11. The superiority of the re-
vised foti}to.rd‘inlet is due to the improved shape of the

: nose, wizic’h,is more ,nearly pc.rallel to the streamlines
and to tke, elimination of the lowqr lip on the original
inlet, It ~o.~ Do desirable to yj.den the revised for~~ard
inlet and ~air it more graduolly into the f~zselc.ge,as was
done in the case of airplane 10 to avoid losses due to ro-

T.tat ion of thel slipstream.

.’
q~.c airplr.n,es have been most scvcroly penalized by

the oil-cooler inst.nllntions, since in most cases the oil
coolers r.ppcnr to hc.-rcbeen added to the r.irplr.nes as an
~aftortiloug~ht. ‘I’heair for the oil cooler of airplane 2
(fig. 22(a)) was taken in by means of a. scoop on the under

. surf:?.ceof the ~~ii~g,W6.S passecl through a cro&s-f,low wing
duct in which the cooler was locatp& and discharged through
louvers on the upper surfc.ce of tb.e wing. The duct was
at an n.ngle of approximfitely 45° to the wing chord and the.,
air was discharged tat about this angle to the” upper SUr-
face, The tufts in figure 22(a) show the flow interfer-—
encc due to the inefficient djtschargc, and a clrag incre-
mcrit of 0,0020 was m,easurcd fo~ this installation. The

,, drag increqent for c, satisfactory. oil cooler installation
on ‘this’airplane should no~ cx”ce,e~0.0004. On airplane 3
tho oil-cooler scoop, w.r.sloc’ntqd on the bottom of the fu-
selage at the rear of the liACA cowling (fig. 22(c)). For
thi~ installation ndrng incremfjnt of 0.000? was measured9
which is not considered CXccSS”i%-c for the extcrna~ instn.l-
lati,cn. It will ‘oc,note’~.the.t“th,is scoop hc.s a well-
fornecl streamline shc.pe. . -, ,

,“.’
The oil-ccolcr scoop on ~.irplcmc 4 was plr.ccd on the

top side of the,“ly.4cAcowling,. C.s:showa in,,figurc’22(%).
-, The over-c.ll,drag cocfiiciont”of ,thc instr.llation obtnincd

by removing the sccop ‘and scaling the outlet wag 0’.0007.
. This ’was rodu.ced to 0.0003 by refrir,ing the sctiop, as shown.

w ,.

,.. ,,
,,,,.

,,,
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by the section.lings in the figur~. An cxtrcmcly inef-
ficient oil-cooler installation was used in airplcmc 8
(fig. 22(d]). It consisted of a ~hr.rp-edge scoop locat-
ed on th~ hottorn of the fuscl.age which diverted air o.t ?.
rather sharp angle up into thn oil-cooler ducts located
in tkc fucelnge. The air then was discharged at an angle
of about 60° to the fuselage axis. This oil-cooler in-
stalir.tion failed to supply sufficient. a.ir flow for oil
cooling c.nd in addition ir~creased tb.o aii-plane drag cocf-
ficicn.t by cwn’incrcmcnt of 0.0017. Since it was impossi-
ble to modify this inst[Qla.tion without major changes to
the r.irplano stl*ucturc, cn uni!crslung rdiator instml,ln-
tio:l whs designed to be s,ttachcd to the %ottorn of the ifACA
cowling (fig. ‘1O). When’’thc required qaantiiy of nir
fl”OW lJNSSOtLthrough the cooler the ~rfltigCocfficfent w,~S

0.0009. To determine what pert of the drag was due to the
protuberance cult what part duo to the air flow$ the oil-
coolCr dLuct w~.s faired oVer at the nose and tail So as to
pl?evciitnir flOW, a.ncl0.!.1incrcmcint in drab coefficient of
0.0004 tJCLS moasurcdo

AS Ct,il CXW!l~lG of cm extremely poor iaSt?.l~:ttiOn aud
an illusiratio:~ of its harmful effects on the r.ir~lanc
dra~, results are presented for the temporary oil-cooler
iilstr.llatiollwhic]i was installed on airpl:::nc 9, ns shcwn
in fi~ure 22(c). !l%is lJ+GC scoop iucrc:.sot. tho airplc.uc
drag q,ocfficicnt by an increment of 0.0040, which corrc-
spGnLc?d to approximately 25 pcrceilt of tic entire airp~aZIC
drag. This installo.~ion w,as Inter chr.nged into r. rela-
tively inefficient wing duct in which location it ia-
cro:%sod the drag cocfficiant by 0.0011. A win~ duct oi,l-
coolcr” iilstnll,a.tionw.ns also usecl in airplr.nc 11, CLS
shown in fi&urc 22(g). The duct passages throug$ both
wi~.gs were bent sharply to avoid intcrfcre:lcc with tho
landing-gear struts and q coi~si.derable loss “in internal
efficicl~cy res.alied, The drag coefficient Gf the airplane
was increased by 0.0006 because of th~ wing ducts. It iS

belicveil that with an efficiant internal cluct the drag
co’efficictit would have been iacrcased by no more thr.n
0.0004 for this installation. The oil coolers for air-
plane 10 wore located in strcmnline ducts on the lowor
surfaces of the wings outboarcl of the fuselage. The oil
coolers wore approximately half submerged into the winfls
(fig. 22(1)). These oil-cooler installr.tio,ns increased. the
o,irplo.:lec7.ro.gcoefficicn.t by an increment of 0.0008, As
~ check on the ctclcledcxternnl skin friction drag due to
these ducts, streamline noses and tai,ls were a.i!dodto the

“ u.ni’lisan.cla drag coefficient increment of oaly O.OGO1

.
. .
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measurerle This sub,stan$i,~tes oth~r, data shoiring that
stre,a.mlin~ b.li~t~rs 10catcd at noncritical positions on
the ai~~lane ~o no,t add I}a,,rge,incre’mcnt,s..
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cfi.m.ber. (See fig. 24. ) Ilhcn possible, nor.s-
ure tho prossurc ~.istr13Utton oVer the Scoop

with correct air flou throu[;h the openin~.

Z. Until nGro detaileri dnta are available, desi~n
the scoop inlet area .to provide an inlet ve-
locity of from one-half to two-thirds of the
sirfiam velocity at the hi~h-speed condition.
If the scoop inlet is not acx!!eadjustable,
the inlet velocity rntio will ,nccessnrily be
required to he lover ~nd the canber in the
scoop Ereater. (see Zn.llc2.)

4. Provide a well-shaped c,fterhody behind the mcuci-
mum scoow section with sufficient lcnf;ih to
avoid fl&~ scpr.ratl.on. Four times t~c scoop
hci.~ht will ~Tcaerally suffice, nlthou~~h an
r,fterbody too short will bo much more harmful
~han onc too lon+e ‘ .

q
Q. 17hen the scoo-p is Iocatcd in a cross flow such

as a propeller slipstream, fair the ~idcs of
the scoo~ gradumlly and smoothly into the body
:“iijr.ccritto it (fi~. 24). The sides of the
scoop for this case correspond to the aftor-
body in a straiz;ht flow.

:.

6. If r. scoopis located in a tlhick boundary layer,
consider,ablc difficult~ will ho experienced in
obtaining hi@ efficiency. The inlet area ‘
should be exactly proportioned to avoid flow
separation in the b~unda~y la~er a.hea.dof tk.e
inlet, and vanes used ‘in the duct to ottain a
roro uniforrl velocity distribution.

Exhaust stacks and t.urbosupercharger. - The require-
ments for the recovery of ‘thrust “from exhaust StaCkS l]y
rearward d5sc5argc of the heated gases have already been

‘ discussed. However, it is desirable to further consicicr
the exteraal drag due to protruding exhaust stacks on the
fliselc.gc. Tabulated results on the drag due to the vari-
ous exkaus% stacks are given in table 111.

The exhaust stacks listed arc for air-coolod engines
with the oxcoption of those for airplanes ‘i’nnd 11. Yhe
twin stc.cks on the air-cooled engines protruded from the
engine cowling at right angl.cs except thoso for airplcnc 5
which woro directed to rca.r c.t an r.nglc of approximately

. .
.

. .

.
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45°. !Pho drag of all those iastallntioas is comparatively
large ~ild their form drag may be rcduccd hy the el’inina-
tion of Sharp edges c.t large angles to the direction of
flight, hy discharging the stncks to the rear r.nd hy rec-
essing them iato ,thc fo~ward section of the fuselage.
The 0.di~5vjltt’.gC?Sof” indiviiuc.1 stacks are “discussed in an-
Otk.Cr section’ of tho p&.pcr.

“,

“

.

-.

Airplcme

,.,.

1“”
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6
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.Exhaust stacks . “
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Figure Drr.g at 100 mph “ ~
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25(C) 1.3.
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“ b~~ T)lCLCiilg*Dr’c.gmc~surcmqnt made - .st.rep.ml~ne131isters

0,V2r stacks inst,ead of removing’ thoh.’
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Ii~attempting to compare the effect of roughness, such
as rivets, laps, etc. , at severel d.ifferont Rcynol~l.s num-
bers, it is neces~ary to know the extcn.t of the Iaminar
o,nd tUrhuleat flow regions on the rou@. win;; for the Gpecds
at whi.oh the comparison is tc %e ~.ade. It is characterist-
ic of a row of rivets or other protuberance on a wing to
--.
41X the transition ’frcm laminar to turbulent flew at the
location of the rivets. That ~s, a rcw of rivets on the
20-percent c location cf a wing will definitely fix the
trailsition point .at this position regardless of the Reynolds
numb er. For cxcmple, a smooth wing at 10VJ Reynolds nulnbcrs
may have its transition occurrin~ at the 0.50 c positicn;
the addition of a row of rivets at 0.20 c would add r.
large drag increment made up of two parts= n,%mely the fom
drng of the rivets ‘and the drag dug tc the more extcnsi-rc
reg:on of turbulent flow on the rough wing (fi~. 26).
With inci-casing Reynolds numbers, the trflnsiticn point
moves forward al.on~ the chord (refcre~cs 3) , and it may
be that at R equals ,thirty million even on a smooth wiil~,

the trnasition point would normally cccur at 0.20 c. In.

.
.=

..
.
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this case, the addition of the row of rivets at this lo-,. cation would add a conside?$a’oly lower di+~g increment ec~ual. .
to the rivet form drag, ai~”dno extra drag would %e caused

. by a shift of the transition point. T%e drag incremei~t

s obtained in the low Reynolds number tests is therefore

3
not applicable at higher Reynolds nunher unless correc-
tion is made for the shift in the transition ~oint. (See
rCfCl?CilCC i3.)

-,
.

.

. .
.

.

.,

In contrast to bho effects of pyo%ub’eranccs added in
the laminar-flow region, the dra~s of roug%ncss or pro-
tuberances added in the turbv.lent region of a smooth wing
iilcre<ascwitil iilcreasin~ Rcyn”olds nu.n-oer (fig. 2’7) SO that
the effect of wing irre~ulari%i~s npasured in low-scale
wind-tunnel tests do not conservatively predict their drag
at flight speeds, This effect is probably due to the th~n-

ning of the boundary layer, at the higher speeds, which may
Cal%so the irregularity in some cases to protrud~ through
tb-c bou.nds.-ry layer. ~~~hcthsr the drag increment measured
in the full-scale tunnel should be increased or decreased
at fligb-t R.eynoids nunbers, therefore, depends upon tho
location of the wilig irregulari,tios, with reference to the
transition i~oint on a comparahlc smooth wing. If tho rough-
ness bogilis ahead of the nor.in.al sr.ooth.wing t~ansition
point, the drag incronont i~ili decrease with increasing
scale, aild vice versa.

lrith existing conventional airfoils, such as tile NACA
23000 series, the transition at high Reynolds numbers (say
30 million} occurs C1OSO to *ho minimum pressure poi.ilt$
which at a lift coefficient of 0.15 is near the 0.15 c po-
sitio~. Owing to the initial turbulence in the full-scale
tunnel, the trailsition point on a snooth wing at the test
Reynolds nunber of 5 million also occurs nom- the’ smc

chord position, so th::.t in the extrapolr.tion of the smooth
wing drag to h~g~t?r j?.eyrlc)lc!.sill.lmbor, no ii~c~c~ent is need-
ed to t.ako into account tho clifference in the trcuisition
point. me Sinooth wiD.g dr~.g tail be cxtrapoiatcd along a
rlodificcZ turbulent ski~~-friction curve defined aS follows:

(6)

owing to “the forward location of the transition point in
tho tunnel tests (SCe .t~,blc IT’) :,lldthe r’olatively smooth
leading edges on nest of the wings tested, thCir irregu-

larities ~]~i-c largely located in the turbulent region.
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From the

the drag
previous Mscumion, thlswml.d indicate that
increments measured in the tunnel tests are cow

servati% and that, at flight speeds, the effects of the
surface irregularitieswill be even ~eater. The extent
of the drag increase with speed for some types or irregu-
la.rf.kiesis shown in reference 13. (See fig. 27.)

In extrapolating the drag coefficients to higher
Me,chnumbers, it is necessary to correot the usual
Reynolds number extrapolation for the increased drag due
to compressibility,As a first approximation,at speeds
well belowthe critical}the drag coefficientshould be
increase&m follows:

(7)

fnwhlch M is the Mach number and equal to the ratio of
the speed of fli@rt to the apoed of sound. The effects
of compressibility on the drag due to wing irregularities
depend intimately on the types OY irregul.,arity.High-
speed tunnel tests on rivets and laps (reference 13) show
that up to speeds of 500 m!.lesper hour their form drag is
not greatly dependent on the Mach nwnher since the local
velocttles over the wing are not appreciably changed, In
the case of one wing, however, in which a local surface
irregularity existed that caused a change in the surface
contour, the criticalspeed was greatly decreased.

Base& on the tore~oingdiscussion,the extrapolation
of the wind-tunnelresultsto flightspeedsmay be made as
follows:

1. Extrapolate the smoothwing drag by equation (G).

20 COrrwt for compressibilityby

drag incrementsdueto
as shownIn figure28.
not be conservativeto

equation(i’).

sur~acei.rregulari-
In general,it

use the roughness
Wcrmenta mmmred at tunnelspeeds, -

4. Ascertain whether any of the wing irregularities
madify the velocity field over the wing and
correct the critical veloctty accordingly,

. .
. .

,’
.
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. . A review cf the wing drag results reveals several

interesting facts. l?a3ric-severed wings with flush
stitchin~ suc:h as used on ai??plans 4 (fi~. 29(c) , have
drags as low as the b.Isstflush-riveted metal wings.

The use of perforated trailing-ed.~c flaps added drag
incrcnents of 0.0913 and 0.!3016, respectively, for air-
planes 5 (fig. 29(d)) and 6. Ths increments were measured
by testi~.g with the perforations coverod and. open,.

.4 typical example of th,> way ill which small wing
protu%eraaccs , gaps ~ and ro’.zghriessincrnasc the drag is
shown by t-he momontum mcasuveMer.ts on the wing of air-
pl.zno 9 (fig. :0). This win~ is flush-rivctod and has
butt joints on the laterfil s~wms c~,d lap joiuts on the
longitudinal seams. yk~ ~stir,atefi smoott~-winu drag COCf-

ficicnt is’O.0060 and the me~surod service wing drag co-
efft,cient 0,0073, Tlhe sources of the increment of 0.0013
in CD arc cs~imatod from ‘figur~ 30 to be as follows:

M?.lkway alla lc,ndin~-gem fairing humps 0.00015
“,.

Gaps around ailerons .0(?020”

. .
Pitot hcoi!. .00015.

.
-.,mc.nufacturinq irrc<;ulo.ri.tics .00080.— .—

!?Otcd. 0.00130

.,.

●“
. .
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A modification of the flat-sided windshield was
tested oil ai~plane 11 (fig. 31(e)). It will be noted
ti~at rounded sections were place2 het~{eeilthe flat sur-
faces to eli.z:icats early cor.pressi%ilit;’ effects. This
~~inds:~ield when tested on the D.odel without carburetor
scoop in place gave a reduction in the a.irpla:zc d.raa Co-
efficient of G.CO02, ~yllichW~S &L2 pr~cci.pall~ to in-

creasing its ie:lgtFL. A ropoat test with the modified for-
ward carburetor scoop in plncc~ ho’.ravcr, showed no reduc-
tion in dragl further dcmonstratiizg ttia.tthe dr% of the
cano~y is critically affected by flow condftiafls. Static

pressure rncnsurcmcnts on this ~~iads~-i~~d indicated that

its crit,iccd speed WOU14 bc as high as for the: criginal
rounded windshield-.

“b
.
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~.~~r~ were four general types of retractable landing
gears Oil the airplanes tested: (1) wheel retracting irito
the sides of the fusela~e; (2) wheels on strut”s attached
to ’fiotiom of:front spars which swing to the rear and ro-
tatc inrough 90° to pls,cc therein wing WCIIS; (3) ifheel
struts pivotod a“~ove the lower surface “of the wing and
swinging iny~oar~ so as to p~ace th<~e~~tireg~~r wit~ir+
the wing; red’”(4) tricycle gear with front wheel rc%ract- , :
tirig into nose of fuselage ~ild reir wheels retraction

similar to type 3. Tine drags of the landing gc~.rs as
givcrl in table VI wcro dotcrmi.ncd from th.c differences in
the drag at 100 miles pcr hour of the airplanes with the

original retracted gears and the airplanes iil a smcoth

couditicn wit’h all landing-gear
parts elimin2tcd.

Cpcniilgs and protruding

TjIO rc~ults obfj:]in~df’or ~i~~ ~~+~di~g gears of type 1

showed that thc”use of flush covicr plaits over the wheel
‘wells wcv.ld produce r.p~prccia”~le drc,g reductions? The
landing’ Gear of ty~o 2 on airplane 6 go.ve,~thchighest drr.g
of all Of “those tested. As inclicc.tod in ~hc tc.blc, several

-< .tiod.i.ficati.ons of the gear wore investigrotod. Extending
and. inproviil~ the fc.iri:l~ of the oleostr”its (fig. 33(c))

.’ together with 3iOU?2di.11.,:the ed@s of f:he rear halves of the
. WO1lS by inse”rtinz a half round sccti.o~ 1-1/8 inches wide

did not produce a large reduction in drag= ‘T.hc Usc of



whqel-veil cover plates pro-rc& effcctivc a:ld with iha

additioa of the fai.rcd oleo struts rcduccd the gear drag
from 14.8 tO 3.9 poui~fl~, the latic~ quantity rcpresant-
iilg the drag of th~ fai~*ed OICO struts. A similar type
gear was used on airplane ‘7 (fig. 33(b)). The Ssali:lg
of gaps and improving the oleo strut fair5ag (itcm 13
fiG, 33(c)) reduced the drag 4.2 poUi~ds While th~ cXtOn~
sion of the wh.cel covers to includ.o the entire whcols
(item 2) “Qrouflht the total drag reduction. to 5.3 pouads.

.-

.
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o%viously not due to the form d.raG of the blast tubes lut
to the lc.r~a air lealq?e induced by the neGative pressure
over the nose of tke cowlin~~. This install:~,tion is dls-
cuSSed in further 6.eiai,lunder the heading {of .leakL~ceO

Aeri~.ls
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LEAKAGE

.
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An:ic,ir flows on the airpla.nc othor than those use-
fullY erflp~oy~dfor cooling, VCnttl,Zti~a~ etc~? should be
prevciltOd ‘cY scaling all surfo,ces across which pressure
differences exist, Air le,adz,i~ethrough the airplo.ne sur-
f’nces o~:between compartments within the airplane will
ordinarily result in apprccioblo Lrag 10SSCS since the
].cnkagc L\iX is usually dischargo(l. i,ormal to the flight
dirccticn, The drag is due to the loss of the momentum
Of the I.cako.gcair and to tho disttLrbancc of the oxtoraal
flow over the airplane surfaces, !lho first of thc~e
losses cm he computed if th:: pressure drop across the
leak and the leak area ars known, Assuming leakage from
a J.argo reservoir, such as a cowling or fuselage, thca the
:zp~}roxiinatcquantity of air flow through the leak Ic

.“
.

. .

.
.
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of 0.0029 measured for tkis case is explained. Other
.riornmonerrors .t’cbe avoided are unsealed holes,through...
‘ the fire wall, random flow from t“he engine cowling com-
partment into the accessory compartme~t, gaps in cockpit
enclosures, leaks in cooling ducts, particularly ahead
of the cooling uqit$ flew circulation through incompletely,,
sealed “Iandi.ng-gear wells, leaks around cowling flaps$
etc$ For cases in whic~ leaka~e is desirahl~, that is$
for veaiilation air, the outlet skoul.d bs qarefully shaped
and directed along tho ‘contour o,f the surface at the poiilt
of discharge. (See fig. 7.)

ComvrQssihilit~- Discwssion,s
,..

of drag results on air-
planes from test data ohtainod at 100 miles pe,r -hour ,are
obviously incompl.~%e without consideration of the possible
affects of compressibility OR the drag at the actu~l
flight sp,eetiso Nurneroua ~unds,me~tal” ~nvestigat$ons have
“~howcilth{~’t,if the speed of an .aerodynamic, %o&y is in-
creased, a critical value is finally reached at which the
drag of the body rapidly increases. This corresponds, to
the occurrence of sonic velocity at some point on the body,
and in~’estimations have shown (reference 16) that if the
pressure distribution OVer tk,c 3ody ih low-speed flight
is known$ than it is ~ossiblc tp cstin.a%e ,thc flight speed
at which this criticcl. sonic speed will occur. Bumps ,
canopios, scoops, cowlill~;, etc., that increase the local
air spt?ed at any p3int lo~:d to,,the occurrence of local
scnic SFCOC!.S at lower flight speeds than..on, z perfect

.strear.iin~ ~:.f)c.y,

I
~~~~ l,~~t~LoL.Of Cstilllfl,ting %1.20 cri*.cL,,~ ~poc& fro~l y~*Qs”.

sure r:easv.rcments rladc at low .o.irspeeds is described in
rcfcrcilce 15 and.. the agreement “octwcen theory and cuz-

perimcnt shown in r~ferei~c~s 15 c:id 16. The theory does
not conservatively preclict tho critical speed and the vc.lue
may hc 15 miles per hour lower than estimated., ~fl,lue~of
PCrs critical pressure, corresponding to various “Mach
numbers ai?e calculated from the Bernoulli equaticn for
compressible Z1OW (figg 37), The pressures measured at
low air speecl are extrapolated by the method of Ackeret

to take into account the variations of the pressures on

the %ody with changes in Mach nuh”bor: that is,
,,,,.
,:,,

;,..,

“=/% “:;’ ‘

i

,,

in which PC
,’

and Pi refer -tothe pressure in compres=



.

sible c.md.in.com-prcssible fluids ruac!.M iS the Mach ll%U?l-
bcr. If I?c alla Fcr are 310ttcd a~O..illSi ifl, the in-

tc.rscction of the two curves defines the critical ]iach
numbcrc

The nose of the co-wling of an air-cooled-engine air-
plr.nc is 2 further point of h.i~h 10C21 velocities and
should be desi<ned foi’ high-speed 2irplanes entirely from
the consideration of obtaining a hiGh critical speed. Du-
rign d.ate,on the subject are ~ivcn in rcforenco 10,

AS 2. further caution in tho use of scoops on hi@l-
speed airylancs, it should tic rcco,gnizod that, althou~h
thci~ drag may not be largd at low specds~ their effect
in rcducin~; th(? criiical spocd may bc scrious~ Sharp-
cdgcd scoops dasi<;nod for low inlet v,cloaities r,laybecome
criticr.1 :%t s:pecds from 350 to 450 miles par hour. If
scoops a.ro used on any high-speed ,nirplanes, prcssurs-
distrihution mcasuremonts should be mc,dc to check OE their
criticnl spocds.

,

,“

.
.
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Result G ~how tl-mt the drag of many of the o,irplanes
m

3

was dccreascd 30 to 40 pcrcont hy removal or refairinfl of
inefficiently designed componcnis. In one case the drag
washalvcd by thiS ~??OCCSS, l?!m~hasis on corroct detail
design cLp~3co,l?sat ~:re9c3.t to provide greater iinmcdiate
possibilities for. incrL?r.se4 high ~~pccds tha~~ improved de-
sign of thc basic e~um[:~+s,

.
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TAME I - DragAnalysisof Airplanesin Ori@wnl Condition

CL = 0.15
.— — —..

Item

-. ——

Original coildition
Excessive cooling drag
Zngine covling (no
coolin~ air) /
.—--—..— ______
~%scka.:o sh.~3e

Ce.r’buretorintake

-I?restone radiator
oil cooler

Intercooler-..—....__
E.xha.uststacks
Supercharger
Perforatedflans

1
.———
) .03’77

—..

——
.0016:

Seals on COiltr~l surfaces

Szumxiud.h-fav I...-.- —-------- —-v .—
Gocbit CfIKLO~~

~ln~zn:::e~r r
‘ .0016

Gum installations .006S2
G-i si@t “ I .0003

Aerial
Air leakage I—— .—

2 3

).0328 1000390

I .001’7’

1
—..—........_
.OOIGa

+-

.0020 .0007

——- .—-..

I-——
.0014 .0007

.0029Z

r-.—.--..—
.0005

4
——
0.0267

.-—..-.—-—

.00G’i

—.--..—----

.——

.0019

-.......

Airplane
5 ‘6 7

).032010.0362

I .0017
I

—-. ._.7—

. GOJ-O
-—-—------~

.0007’

,0020 .0012

“f
——--__—-,

..0019”
.0008 .0007

I
●0008 .GG17--— ..-—

.00081

0.0257

-------.,---

.003=3

.0003
——--—.-
.0003

.00G3
——--

.00093

——.——.-

.0005

.0007

lIncludes carburetor and oil cooler scoop drag (largely due to le-e).

2Plus cowlingchange.

31’aired,not removed.

41ncludesfairingflamea,rre~tor.

El 9 10 11

.Lw2_::14Y

-“o-d .d-
.0002. .001’3.0005
.0003 .0006 .CXX)2 .0005
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TABLE II.-

, .’,.,.
L-489- :

Carbuxctor Irnhko Scoops

)?1017characteristicsDuct characteristics Drag data

CD

CL=O●15

1=170Sq ft

~= 0.48

V= 216 mph

CL= 0.15

v = 430 mphoutlet
area

Ram
:percentq]

Juantit~
(lb/hr)

Ram
percent q[sq.in.

<=r~,al -
4

.r,. .
b:’. —. - ——_— .- .—— .- ——

13,820

10,390

7,930

37.1

37.1

37.1

22

1!5

CJ

95.0

97.0

97.5

0.0010

,0007

●0008

---

---

. ..-.
_—-.—.

94.5

94.5

95.5

...

---

26.9

26.9

26.9

26.9

2’7.8

27.8

27.8

7,960 97.0

98.0

97.8

88.0

14,940

12,420

8,310

0

.0005

.0003

.0001

.0000

- .0002

.0000

.0000

22

15

9

0

7’— <
I@visod forvard

+- ‘ --------------

6,170

53260

---

---

./’----qlu:h
-+ L

.- - - ——.

22

15

70.5

73.5

61.6

12,100---

63.0

57’.4

---

9,210-.”5,580

3,720 ‘7,200
—.

9

Flor:c’~r~cteristicsare corrected to 12,000 feet altitude.
~iilitarYrati% requires 81OO po~dS of air Per ‘oW*



TABLE IV.- Wing Profile Drags ant,Transition Points
-—

.
“ ii

. . 2’. $4

.—
Transitionpoint locatio]
on upper surfaceof wi~

“ CDO

l?leas-
ured

).Gow

.0083
.—

.@C84
——

.0070

CDO
SKlootll
wing
(est.)

C.0058

.0062

.00?0

.oo&3

.0072.——

.0065

.0060

Ihscription
——

./c*

---

Rer.w.rks

-i I!otalcovered, brazier-head
riwets; larger rivets on .
forward portion of wing:

). 0032laps facing back
Metal covered, br~-zier-head

-..
—..

29P.

---

rivets; ro’,7of larger riv-
ets on upper surface a“DOUt
15$c ’oehindl.c.; laps
facing back
Fabric covered, raised
stitching: drag w.easurred
on lower wing
-portion of wing metal
covered, flush rivets;
rea,r~ortion fabric cov-
ered, flush stitching
Metal covered, flush rivets

to about 18~c behind i.e.,
remainder brazier-head
rivets; perforated dive

.0021------

----
——

---

29b

29c

.0014---
——

.000?---

-5

-.
.

29d ---

-----

0.17’6

.198

.0109.—

.0106

.0079

.0037..—.and landing flaps
!hetalcovered, flush rivets

- --
., --G

-

on front half of wing$ ~
la~s facing back; fabric
covering on reaz-half;
perforated dive and landi-
ng flans

!,!etalcovered, flush

.0041

.0017

--- ---

rivets, laps-facing
for~ard
!@tal covered, flush
rivets, joggled laps

airplane
_t/c*=O.126
7.3 ft fron~-

airplane
t/c*=o.134

Y2-z%ti7REY#_-
~firpl~q~

---

--3
29e ●0070 .0059 ●0011

9 ;!etalcovered, flush
rivets, filled joints

,,.,

.180

.—.—

.180

.0071 .0060 .0011---

----

---

t/c*40.1~5—-
Mctal covered, flush
rivets, filled joints

i

.0077—.

.0074

–---1

.oo@

.0061

——

.0016

.0013
5.7 ft fr~

air-plane
t/c*=o.130

Rood, filled .a.ndpolished

I. *
point-s distance along surface behind stagmtion

length of chord.
; section ihi~ess

.
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6

9

-.
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-.
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10

11

31C

31C

3I.k

31a

31e

)rag of cano-cv,.—-

j.0GC?4

.0(202

.OOC3

.0004

‘%%’—_.

G*O4

.02

.53

.04

.—.—

lReductionof dre4
by r~ocificati.ons

—--—

~ CD
— .—__

o

.0012

.0009

.ooi9

--

,oGC12

.@@cl

o

.3004

G

,CG02~

-—

‘‘%7?——.

...-
0.13

.13.

.22

.02

.01

G

.(j~

o

.(23

Cross-section ‘
area of

~~j-~dshiel~

1.76 (mod.)

1.24 (orig.)

2.1’7

2.1’7

2.1?

2.64

2.19

2.19

2.19

2.00

1.14

..

-
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.
5

6

‘7

8

9

.

10

.
11

~j.g-.

me

la

lb

lC

53c

%d

If

i311

Hf

;30

J3a

lk

.,

~ire size

(in.)

26x6

26x6

26x6

30 x ‘?

g.~

8.3

4.7

14.8

6,5

5.3

1.1

10.3

3.3

0

Reduction in drag for modifications,
100 nmh

3.3

7.C

10.9

4.2

5,3

Oleo strut faired and sharp ot&e
.atrw.r half wells rounded

Y22eelHell cover plates

TW.eelwell covtw plates and
faired obo StI’UtS

Fairing no. 1.

Fairin@ no. 1 and no. 2
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. Airplane

8

0
4

10

11

‘.

.

. .

.

—.

34_j

34e

~iJ~

340

34f

one 3C!-cal. I 1~.6

one 50-cal. 1
I
1

two X)-cal. 2.3

one 37-mm cannon ~ 5.8
two 50-cr.l.~~uns !
two 5G-cai.

I
i.3

two ‘50-ca,l.(fuselage) I 1.3
eighi 30-cal, (wing) , .s

T.&amvlIz.- Drag of Aerials

0.0029

.0004

.DO07

.0002

.0003

.0002

Ai@ans !l?Qeof aertal Drag
(f. 3i)~g” at 100 II-@(lb)

2 2 2.9*

7 1 3.0

8 1 4.6

10 3 1,3

10 2 4.’7

*Drag only for wires - mast in place

.“

.
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II!AIXEIX.- LeekageWag Increments

. .

3

5

‘7

8

-.
.

. .

.

Source of Leak

Gun blast tu’~eopenings in nose
of cowling (similar to fig. R5a)>

Gun llast tube openings*

Openings between cowling sections

and at flaps

Hole in the noso of the propeller
spinner and openings around the

blades

Openings 130twecn cowling sections
and at flaps

Accessory exit slot

FaSel~:C louvor oycnir~s

Oponi:ogs‘~ctwcclzCOiVliY!!SCCtiOIX3
at flay

Fusr32age o~3cnings

‘igu.l?e

.-

S6a

3(%

36C

36d

22e

362

--

).0069

.0029

.0008

.000’7

.0009

.0005

.0004

●0003

.0008

D at
100 Iqph
(lb)

36.8

28.7

6.5 ‘

4.2

5.1

Z,g

2.2

2.0

5.3

burotor scoops.

*T%is item was il?ejCWUii@lv.d.thpropeller operating.

.
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‘1

10’-3” OIA.

AIRPLANE

WEIGHT. --_4,932--------- _4,932 LBS.

WING SECT ION-- _-----N. A.C. A, 2301S-09

WING AREA __---_-_--_--OO9.O S6.

SINGLE-ROW AIR-COOLED ENGINE.

750 H.P. 2,100 R.P.M. 15,200 FT.

ALTITUDE. DIRECT DRIVE.

FT.

,

F25’-7%”*

I

a

WEIGHT -------------- --__.5,44S LBS.

WING SECTION_------.A.A.C.A. 23015-09

WING AREA--_ ----------233.2 SQ. FT.

TWO-ROW AIR-COOLEO ENGINE.

900 H.P. @ 2,55b R.P.M. @ 10,000 FT.

ALTITUOE. PROPELLER GEAR RATlO, 3:2

I

.

. AIRPLANE 2
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MACA

*
‘CHORO UPPER

CHORD LOWER

T 3’-0”7

. ,“+,:yi

?@.-2’ ‘(44)

●

WE16HT_--- 4,478.---------4,478 LBS.

WIN6 SECT ION------ L--_ ---.OLARK Y.H.

WIN6 AREA--------_----2SS.O SQ. FT.

sINeLE-Row AIR-COOLED kNQINE.

S20 H.P. @ 2,100 R.RM. @ 12,000 FT.

ALTITUDE. OIRECT DRIVE.

WING 60”

WINQ 4S”

F22’-’WY

AIRPLANE 3

wEIGHT.-----.___6,270--.-6,27O LES.
WING SECTION__-_--_ N.A.C.A. 23015-09

WING AREA---- --<_--_-XO6.3 SQ. FT.

TWO-ROW AIR-COOLEO ENSINE.

750 H.P, @ 2,550 R.P.M. @ 14,200 FT.

ALTITUOE. PROPELLER 6EAR RATIO. 3:2

.
. .

. AIRPLANE 4
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10~9°DIA.

AIRPLANE

j
o

9’-0”DIA.

Weight ------------------ 7,253 L6S.
WING SE CT IO?.I--- _N-AN. A.C,A. 2415-09,
WING AREA--.------_~-3lS,6 SQ. FT.
61 NGLE-ROW AIR-COOLED ENGINE.

S00 H.P. @ 2,306 R.P. M. @ 1S,000 FT.

ALTITUDE. PROPELLER GEAR RAT I0,16:II

.

5

WE IGHT-. -___ 5, S21--------5,S2l LBS.

WING SECT IO N_-----OLARK Y.H. 18-11.S~O

WING AR EA----__-- 256_ -256.O SQ. FT.

SINGLE-ROW AIR-COOLED ENGINE.

750 H.P. @ 2,100 R.P.M. @ 15,000 FT.

ALTITUOE. DIRECT DRIVE.

-..

!

F27’-’”S” ‘

AIRPLANE 6
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.. AIRPLANE

11’-0” DIA “-..J/’

Fig. 2 ( 7-8)

WE IGHT . . . .--6.763---_----6.763 LB6.

WING SECT ION. ----- _CN.A. C.A, 2215-09

WING AREA -- --------_-.236-.0 SQ. FT.

PRE6TONE-COOLED ENGINE.

1,000 H.P. @ 2,600 R.P.M. @ 16,000 FT.

ALTITUOE. PROPELLER GEAR RATlO, 2:1
.

7

Weight -------------- -----’,755 LB’.

WING &EC710N-- --AIRFOIL,IL, 16.7-6.270

WING AREA ---- -__223-7_223.7 SQ. FT.
TWO-ROW AIR-COOLED RADIAL ENGINE

WITH GEAR-DRIVEN SUPERCHARGER.
1,100 H.P. @ 2,700 R.P.M. @ 15,000 FT.

ALTITUDE. PROPELLER GEAR RATI0,16:9

t—,,’-, y32’-.

.

. AIRPLANE 8
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rig. i“ (9-10)

WEIGHT. ---------------- .-6,I5O LB6.

WING SECT ION------ N. A.C.A. 0015-23009

WING AR EA_---’--- _--_ --2l3.O $Q. FT.

PRESTON E-COOLED ENGINE WITH TURSO-

SUPERCHARGER. 1,150 H.P. .@ 2,950 R.P.M.

@ 20,000 FT. ALTITUDE.
PROPELLER GEAR RAT I0,9:5

AIRPLANE 9

WE16HT--_----------------5,S25 L$S.

WIN6 SECTION ---- ---.N.A.O.A. 23015-09

WIN6 AREA __----- __2SOo0SOoO SQ. FT.

TWO-ROW AIR-COOLED EN61NE WITH TWO-

STAGE GEAR-DRIVEN SUPERCHARGER.

1,000 H.P. @ %650 R.P.M. @ 20,000 FT.
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